I. INTRODUCTION
W IRELESS communications experience severe fading problems in underground tunnels with vehicular traffic flow [1] . Due to the reflections of the electromagnetic (EM) waves on the tunnel walls, the multipath effects are complicated and unique compared to the terrestrial wireless channels [3] - [5] . Moreover, the tunnels in operation are filled with mobile vehicles with random size and positions. The reflections and the diffractions on the vehicles make the wireless channel in the tunnel even more complicated. To establish reliable and efficient wireless communications in underground tunnels, the analytical channel model that explicitly contains the dependence on the tunnel geometry, vehicular traffic information, and other communication parameters is needed.
The channel models for empty tunnels have been well analyzed in the literature. Currently there are mainly three A much shorter version of this paper appeared in [2] . Digital Object Identifier 10.1109/TWC.2011.080611.100710
techniques to model the wireless channel [5] , [6] : the Geometrical Optical model (GO model) [7] , [8] , the Waveguide model [9] , [10] , and the Full Wave model [11] . The GO model and the Full Wave model are limited to numerical results and may create great computational burdens. The waveguide model provides analytical results but is only applicable for the far region of the transmitter in empty tunnels. In [3] , [4] , we have developed the Multimode model that gives analytical results for both the near region and the far region in an empty tunnel. However, the model cannot characterize the influence of vehicles. For curved tunnels, the additional attenuation coefficients caused by the tunnel curvature are given in [12] . However, for tunnels with vehicular traffic flow, current channel analyses are limited to either experiments [13] , [14] or numerical methods (i.e., GO model [15] - [17] and Full Wave model [18] ). These experimental and numerical solutions cannot provide an explicit description on the effect of multiple environmental or communication parameters. Moreover, the numerical solutions require a great amount of input data of detailed geometric information of the vehicular traffic flow, which are infeasible to acquire from the in-operation tunnels. To the best of our knowledge, there is no analytical channel model developed to characterize the signal propagation in tunnels with vehicular traffic flow so far.
In this paper, we develop a channel model to analytically characterize the signal propagation in underground tunnels with vehicular traffic flows. In particular, due to the reflections and the diffractions of the plain waves on the vehicle, each propagation mode may experience the in-mode loss and the mode coupling. The closed-form in-mode loss and mode coupling coefficients are developed by the uniform theory of diffraction (UTD) [19] , Poisson sum formula [20] and the saddle point method [21] . The field at the receiver is the joint effects of all the vehicles between the transceivers and the tunnel itself. Based on the analysis in the deterministic scenario, the channel model for tunnels with random vehicular traffic flows is also developed according to the traffic flow theory [22] . The entries of the propagation matrix are proved to have the normal distribution. Moreover, the means and the variables of the normal distributions are analytically expressed. Our analytical models are validated by comparing the theoretical predictions with the numerical simulation results. Based on the new channel models, we present an in-depth analysis on the signal propagation in tunnels with vehicular traffic, which is influenced by multiple factors including the number, size and position of the vehicles, the size and the curvature of the tunnel, the vehicular traffic load, and the vehicle velocity.
The remainder of this paper is organized as follows. In Section II, the Multimode model for empty tunnels is briefly overviewed. In Section III, the signal propagation around a single vehicle is analyzed. In Section IV, the channel model for tunnels with deterministic and random vehicular traffic flows are developed. Then, in Section V, the influence of the vehicular traffic flow on the signal propagation is analyzed by the new model. Finally, the paper is concluded in Section VI.
II. SIGNAL PROPAGATION IN EMPTY TUNNELS
In this section, the Multimode model for empty tunnels [3] , [4] is briefly overviewed, which lays the foundation of the analysis on the signal propagation in tunnels with vehicular traffic flow. Specifically, the empty tunnel is modeled as an oversized waveguide with imperfectly lossy walls. Multiple waveguide modes with different eigenfunctions and attenuation coefficients are transmitting simultaneously in the tunnel. The tunnel cross section is treated as an equivalent rectangular with a width of 2 m and a height of 2 m. A Cartesian coordinate system is set with its origin located at the center of the rectangle tunnel. Let N be the set of significant modes in the tunnel. N = {( , )} and |N | = . Since the mode's attenuation rate rises fast as the mode order increases, only a small number of modes are left after the signal propagates for a certain distance. The number of significant modes that need to be considered is determined by multiple parameters, including the size of the tunnel, the distance between the transceivers, and the operating frequency. In most cases, the received signal strength is convergent when the first 50 ( + < 10) modes are considered. The electric field ( , , ) at the position of the receiver can be obtained by summing up the field of all significant modes, which is given by
where is the distance between the transmitter and receiver; ( , ) is the coordinate of the receiver at the tunnel cross section; and are the TX and RX antenna gain, respectively;
,( , ) is the value of the eigenfunction of the mode at the position of the receiver; Γ = + where is the attenuation coefficient of the mode and is the phase shift coefficient of ; is the intensity of the mode excited by the transmitter. The detailed expression of ,( , ) , , , and can be found in [3] , [4] . If the tunnel is curved, the expressions of and should be modified according to [12] .
III. SIGNAL PROPAGATION AROUND A SINGLE VEHICLE
The propagation modes can travel along the tunnel without interference with each other if the tunnel is empty. Vehicles may cause additional propagation loss. Moreover, part of the energy of each mode may be coupled to the other modes due to the existence of the vehicles. In this section, we analyze the influence of a single vehicle on the mode propagation. Without loss of generality, the vehicles are modeled as metal rectangular boxes with different sizes. According to US Federal Regulations, the width , height ℎ and length of most vehicles (including cars, vans, buses and trucks) fall into the following intervals (unit is meter):
A. Classification of Vehicle Influence
We assume that the TX antenna is a X-polarized electrical dipole. The results for Y-polarized antenna can be obtained in the similar way. The tunnel walls are made of concrete that have relative permittivity . The wave number in the tunnel space is = 2 √ 0 0 , where 0 and 0 are the permeability and the permittivity of the air in the tunnel, respectively; and is the operating frequency. Since the permittivity of the concrete tunnel wall is much larger than 1 and the wave number is also large for high operating frequency (> 1 GHz), the eigenfunction of X-polarized mode provided by [3] , [4] , [10] can be simplified as
where = 0 if is even; = 2 if is odd; = 0 if is odd; = 2 if is even. It should be noted that we only consider the vehicle's influence on low order modes, since the power of the high order modes attenuates very fast.
Assuming that there is a vehicle with size ( × ℎ × ) inside the tunnel. Fig. 1 shows the top view and the side view of the tunnel with a vehicle. The vehicle is meters apart from the transmitter. The middle axle of the vehicle lies parallel to the z-axes with the position = . In the empty tunnel between the transmitter and the vehicle, the field of mode is:
Substituting (3) into (4) yields:
where 1 ( ) = − if is even; 1 ( ) = 1 if is odd; 2 ( ) = if is even; 2 ( ) = 1 if is odd. It shows that each mode can be viewed as the superposition of four plane waves with four symmetric directions. ± and ± are the grazing angles of the plane waves on the tunnel walls, and:
and sin( ) = 2 .
The higher order modes have larger grazing angles. Since higher order mode has much higher attenuation rate [3] , [4] , we focus on the lower order modes. For the lowest order mode 11 , the grazing angle is very small (around 1 ∘ ). As illustrated in Fig. 1 , the influence of the vehicle on the propagation mode can be classified into two categories:
• The plane waves hitting the vehicle's front surface will be reflected back. Therefore, the energy of the waves hitting the vehicle's front surface can be viewed as an additional loss of the mode caused by the vehicle. This type of influence is defined as in-mode loss.
• The plane waves hitting the edge between two surfaces of the vehicle will be diffracted. The diffracted waves have different transmission directions, which means that the energy is coupled to other modes. This kind of influence is defined as mode coupling.
B. In-Mode Loss
The eigenfunction of the propagation mode gives the energy distribution pattern in the tunnel cross section. The energy reflected back by the vehicle's front surface can be obtained using the eigenfunctions. The in-mode loss is the ratio of the energy reflected back to the total energy in the cross section:
] .
It shows that the in-mode loss is a function of the size and position of the vehicle. Actually, in the section of the tunnel where the vehicle exists, the tunnel cross section in this interval is smaller than the empty tunnel. Additional reflections on the tunnel ceiling and vehicles' roofs are incurred. As a result, the mode attenuation coefficient Γ increases. The increased attenuation coefficient causes the additional in-mode loss. However, this part of in-mode loss can be ignored for low order modes, since 1) the low order modes have small grazing angle; 2) the vehicles are sparsely distributed; and 3) the vehicle length is relatively short (less than 20 m).
C. Mode Coupling
The diffraction on the vehicle edges causes a portion of one mode's energy coupling to other modes. The diffraction occurs on the four vertical edges and the two horizontal edges on the vehicle, as shown in Fig. 1 .
Proposition 1: In a rectangular tunnel, the vertical edge on an obstruction can only cause one mode to be coupled to the modes that have the same eigenfunctions on y-axes (the eigenfunctions on x-axes can be different). In other words, when mode is diffracted on a vertical edge, it can only be coupled to the modes { | = 1, 2, ⋅ ⋅ ⋅ }. Similarly, when mode is diffracted on a horizontal edge, it can only be coupled to the modes { | = 1, 2, ⋅ ⋅ ⋅ }. Proof: Here we only prove the vertical edge case. The horizontal edge case can be proved in the same way. Consider that the incident wave of mode hits a vertical edge, as shown in Fig. 2 . The angle between the vertical edge and the direction of the incident wave is , while the angle between the vertical edge and the direction of the diffracted wave is ′ . is the complementary angle of the grazing angle on the tunnel ceiling/floor ( + = 90 ∘ ). According to the geometrical theory of diffraction (GTD) [23] , ′ should be equal to (forming the Keller cone). As a result, the grazing angle of the diffracted waves on the tunnel ceiling/floor is . In the meantime, the diffracted keller cone generates an equivalent radiation source only in the x-z plane. Therefore, after the diffraction on the vertical edge, the mode 's grazing angle on the vertical walls can change to any value, but the grazing angle on the ceiling/floor remains the same. That is, after diffracted on a vertical edge, mode can only be coupled to the modes { | = 1, 2, ⋅ ⋅ ⋅ }. The proposition 1 simplifies the mode coupling analysis in tunnels to two 2-dimensional problems: the mode coupling in x-z plane for the four vertical edges; and the mode coupling in y-z plane for the two horizontal edges. In the following part, detailed calculations of the mode coupling in the y-z plane are given. The results of the mode coupling in the x-z plane can be derived in a similar way. The total mode coupling effect is the superposition of all the six edges' contributions. Fig. 3 shows the diffracted rays on the two horizontal edges in the y-z plane. The propagation mode hits the front upper horizontal edge 0 and the rear upper horizontal edge 0 . Since the attenuation coefficient of the low order mode is small and the vehicle length is usually several meters, the field attenuation and phase shift from the vehicle front to the rear can be ignored. Hence, the fields at the front edge can be considered as the same as the field at the rear edge, which is:
where we view the field as the sum of two rays with grazing angle ± on y-z plane. 
1) Mode Coupling on the Rear Horizontal Edge:
We first consider the diffracted field caused by the rear edge. Note that only the incident rays with direction − is considered for the diffractions on the rear edge, which is due to the reason that rays with direction cannot hit the rear edge, as shown in Fig. 1(b) . The edge can be viewed as a new radiation source. Due to the reflections on the tunnel ceiling/floor, the new source generates periodically positioned source images, as shown in Fig. 3 . The diffracted field caused by the rear edge can be calculated by summing up all the rays coming from all the images, which is:
where the upper sign is used for the case when is zero, positive odd or negative even; the lower sign is for other cases; is the distance from image in Fig. 3 :
is the angle of the grazing angle on the tunnel celing/floor of the rays coming from image ; it is also the diffracted angle on the y-z plane:
( ) is the reflection coefficient that can be simplified as an exponential function [3] , [4] :
( 1 , 2 , 3 ) is the diffraction coefficient on an edge, where 2 − 1 is the angle between the incident ray and the edge; 2 is the angle of the diffracted ray on the plane perpendicular to the edge; and 3 is the angle of the incident ray on the plane perpendicular to the edge. Since the GTD method cannot characterize the diffraction near the shadow boundary and the reflection boundary, we use unified theory of diffraction (UTD) to derive the coefficients, which is given in [19, fomula (25)].
To calculate the energy coupled to the other modes, the Poisson summation formula [20] is introduced to translate the sum of rays in (9) to the sum of modes. The ray sum in (9) can be sorted into two parts: the sum of all the functions that the subscript is even and the sum of the functions that the subscript is odd:
Each sum in (13) is a function with period 4 . According to the Poisson summation formula, the sum of even subscript can be transformed to
where the coefficient F ( ) is the Fourier transform of the function (ℎ − − ) with even subscript:
where 0 = tan
. Note that a continuous function ( ) = | − ℎ + |/2 is used to approximate the discrete number of reflections on the tunnel ceiling/floor. The motivation for the approximation is to fit the ray sum in (9) to the Poisson sum formula. The saddle-point method [21] is deployed to evaluate the integration in (15) . The saddle-point is:
where is the grazing angle of the mode on the tunnel ceiling/floor that can be calculated by (6) . It is assumed that the order number is small and the permittivity of the tunnel wall is large. Then, using the saddle point method, we can obtain the approximate result of the integration in (15):
The coefficient F ( ) for the sum of odd subscript in (13) can be calculated in the same way. Hence the total field right behind the vehicle ( ≃ 0) can be expressed as 
2) Mode Coupling on the Front Horizontal Edge:
The mode coupling coefficient for the front horizontal edge can be calculated in the similar way as the rear horizontal edge. As shown in Fig. 3 , the only two differences are: 1) the incident waves have both the directions ± ; and 2) due to the shadow effect of the vehicle itself, not all the images can illuminate the rest of the tunnel; Only the original source, the images with positive odd subscripts and the images with negative subscripts take effects. As a result, the coupling coefficient ,ℎ → from to caused by the front horizontal edge can be expressed as
3) Total Mode Coupling: The mode coupling coefficient for the four vertical edges can be derived in the same way as the horizontal edges. We only need to interchange the x-axes data and the y-axes data. Therefore the total coupling coefficient → from to caused by the vehicle is the sum of the coefficients of the two horizontal edges:
The total coupling coefficient → from to caused by the vehicle is the sum of the coefficients of the four vertical edges:
D. Analytical Expression of a Single Vehicle's Effect
We construct the influence matrix of a vehicle using the results shown in (7), (21) and (22) . If there are significant modes inside the tunnel, the size of the influence matrix I is × . The elements in the diagonal of the matrix consist of the in-mode loss of each significant mode, which is given by (7) . The other elements in the matrix are the mode coupling coefficients. According to proposition 1, mode coupling can only happen between two modes that has the same field distribution either in x-z plane or y-z plane. The coupling coefficients between those modes are given by (21) and (22) . The mode coupling coefficients between other modes are zero. Given the size and the position of the vehicle, its influence on the signal propagation can be analytically expressed by using the matrix I, which is:
Hence, the intensity of all the significant modes behind a vehicle inside the tunnel are:
where { 1 , 2 , . . . , } are the intensity of all the significant modes in front of the vehicle; and { 
A. Deterministic Model
Given the geometric information of the tunnel and all vehicles, the influence of multiple vehicles on the signal propagation can be derived based on the results in Section II and Section III. Assuming that there are vehicles between the transceivers in the tunnel. The tunnel geometry is the same as Section II. The position and size of the ℎ vehicle are ( , ) and ( , ℎ , ) , respectively. The transmitter is placed in the tunnel cross section where = 0 and the receiver is placed at ( , , ). Since the mode propagation can be expressed using matrix [24] , [25] , the field intensity at the position of the receiver can be expressed as
where E ( , ) is the eigenfunction vector at the position ( , ):
D is the propagation matrix, which is a × matrix that indicates the mode propagation characteristics in the tunnel with vehicles between the transceivers. D is defined as
where A( ) is the mode attenuation matrix for transmitting all the significant modes for meters in an empty tunnel:
I is the influence matrix caused by the ℎ vehicle that is defined in (23) . C is the mode intensity vector excited by the transmitter at 0 :
B. Statistical Model
In practical applications, the exact sizes and positions of all vehicles cannot be acquired. Consequently, the propagation matrix D in (27) cannot be accurately calculated. Therefore, instead of using the deterministic vehicular traffic information, we adopt the traffic flow theory and the vehicle size distribution model to predict the propagation matrix D .
1) Distribution of the Propagation Matrix D :
According to (23) , (27) , and (28), the element in the ℎ row and the ℎ column of the propagation matrix D is derived as
where ,{ , −1 } is the element in the ℎ row and the −1 ℎ column of the influence matrix I . Since ,{ , −1 } and Γ are complex, is also complex. Hence it can be expressed as
For clear expression, we use Θ 1 , 2,... −1 to denote the addends in the summation in (30). Therefore,
Since the tunnel is considered to be long, we assume that the total number of vehicles in the traffic flow is correspondingly large. Moreover, the vehicles have random sizes and positions. Thus, ,{ , −1 } and ( − −1 ) are random variables. Therefore, ( ) and ( ) can be viewed as the summation of a sufficiently large number of independent random variables, each with finite mean and variance. According to the central limit theorem and the Lindeberg's condition [26] , ( ) and ( ) are approximately normally distributed.
2) Mean and Variance of the Propagation Matrix D :
To characterize the above normal distributions, we calculate the mean and variance of ( ) according to the traffic flow theory and the vehicle size distribution model. The mean and variance of ( ) can be derived in the similar way. In long road tunnels, there is usually no traffic light and the vehicular traffic flow has only one direction (separate tunnels for traffic with different directions). Hence the vehicular traffic flow can be modeled as a Poisson flow [22] . The total number of the vehicles within the distance is denoted as . The probability that the number of vehicles = is:
where is the average rate of vehicle arrival (vehicles/sec) in the tunnel; and is the average velocity of the vehicles. The distance between the ℎ and ( −1) ℎ vehicle Δ = − −1 obeys independent and identical exponential distribution. The probability density function (pdf) is:
Every vehicle runs in one of the lanes in the tunnel. Hence the x-coordinate of the ℎ vehicles belongs to { ( 1+2 − 1)| = 0, 1, . . . −1}. The x-coordinate of the vehicle obeys uniform distribution with the probability 1/ . The size of the vehicles are also assumed to have the uniform distribution in the size interval defined in (2).
According to the central limit theorem and the Lindeberg's condition [26] , the mean and variance of ( ) are approximately the summation of the mean and variance of the real part of each addend in (32), respectively. Therefore,
According to (35), the mean of ( ) is the real part of the element in the ℎ row and the ℎ column of the mean of the propagation matrix D . Since the sizes/positions of all vehicles in the vehicular traffic flow can be viewed as independently and identically distributed, the mean of the propagation matrix D can be calculated as
where (I) is the mean of the influence matrix that can be calculated according to (2) and (23); [A(Δ )] is the mean of the mode attenuation matrix that can be calculated using (28) and (34). Based on the Eigendecomposition method [27] , the matrix (I) ⋅ [A(Δ )] can be decomposed as
where Λ is the ℎ eigenvalue of the matrix (I) ⋅ [A(Δ )]; V is the square ( × ) matrix whose columns are the eigenvectors of (I) ⋅ [A(Δ )]. Then, by substituting (33) and (38) into (37), we derive:
[ ( )] is the real part of the element in the ℎ row and the ℎ column of the matrix (D ) given in (39). The variance of ( ) (i.e. 2 [ ( )]) can be calculated in the same way according to (36). Due to limited space, the detail deductions are not elaborated here.
The Gaussian-distributed entries in the propagation matrix D can be completely characterized after the mean and the variance are derived. Then the received power at any positions in the tunnel can be analytically predicted by (25) .
C. Comparison with Simulation Results
To validate the proposed channel models, we first compare the derived theoretical results with the measurement provided by [8] in a simple scenario, i.e. a straight tunnel with one vehicle. Then we compare our theoretical results with the numerical simulation results provided by [15] in a more complicated scenario, i.e. a curved tunnel with a vehicular traffic flow. The numerical results in [15] are simulated by the geometrical optics (GO) model. Noted that in the complicated scenario, we use the numerical simulation results instead of the experiment measurements due to the following reasons: 1) it is difficult to conduct experiments in the real road tunnels with many running vehicles; 2) most existing experiment results are taken in empty tunnels; 3) although the GO model requires a great amount of detailed input data of the parameters to describe the tunnel environments and the vehicles, which is impossible in practical applications, the accuracy of the GO model has been widely accepted. We choose the simulation results in [15] because the simulation scenario is complicated enough and very similar to the real road tunnel.
In the experiments conducted in [8] , a two lane tunnel with a rectangular cross section 4 m high and 7.5 m wide is used. The transceivers are vertical polarized dipoles placed at the center of the tunnel. The operating frequency is 900 MHz. The tunnel is blocked by a truck on one lane 64 m away from the transmitter. Using the same parameters stated above, we can calculate the received power along the tunnel by the deterministic model. As shown in Fig. 4 , the received power calculated by the deterministic model is compared with the measurement given in [8, Fig. 6 (a) ]. It is shown that the theoretical results accurately match the measurements.
In the simulation in [15] , the tunnel is 1000 m long with 2 lanes. The tunnel cross section has an equivalent rectangle (10 m wide and 6 m high) shape. The tunnel can be viewed as straight for the first 500 m. Form 500 m to 1000 m, the tunnel turns left and forms a Using the same scenario parameters stated above, we first calculate the received power along the tunnel by the deterministic model. As shown in Fig. 5 , the received power calculated by the deterministic model is compared with the simulation results given in [16, Bild 6.7] . It is shown that the results derived by the deterministic model match the simulation results accurately. Then the accuracy of the statistical model is tested. The statistical model does not require the size and position information of each specific vehicle. According to the scenario parameters stated above, we can derive that the vehicular traffic flow parameter = 0.047 m −1 . Then the received power along the tunnel can be calculated by the statistical model. In Fig. 5 , the received power calculated by the statistical model is compared with the simulation results given in [16, Bild 6.7] . The curve of the statistical model accurately match the simulation results, especially when the axial distance is larger than 200 m. The prediction of the statistical model is less accuracy in the very near region, since the condition of the central limit theorem is no longer valid if the distance between the transceivers is too short. It should be noted that In the curved tunnel section, the prediction accuracy of both the deterministic model and the statistical model is not as high as in the straight tunnel section, which is because that the Eigenfunction in the curved tunnel deviates from its original value. However, the error is small and tolerable. 2) due to the mode coupling, more significant modes appear behind the vehicle; hence the received signal experiences more serious fluctuations. Comparing the received power when there are 10 trucks with the power when there are 20 trucks, we find that the additional loss and fluctuation are approximately proportional to the number of vehicles. The size of the vehicle has significant effects on the path loss, since the influence of 10 cars is much smaller than the influence of the 10 trucks. We compare the received power when 10 truck are uniformly placed in the 1000 m tunnel and the power when all the trucks are placed in the first 500 m of the tunnel. It indicates that the influence of the axial position of the vehicles is not significant.
2) Straight Two-Lane Road Tunnel: Fig 6(b) shows that the signal propagation in a straight two-lane road tunnel. It shows that the path loss and signal fluctuation are much smaller than the one-lane tunnel. The phenomenon can be explained by the following reasons: 1) the two-lane tunnel has a larger cross section. Hence the signal attenuation of each mode in the empty tunnel is smaller than the one-lane case. 2) the ratio of the vehicle's cross section area to the tunnel's cross section area is much smaller than the one-lane case, hence the in-mode loss and the mode coupling become less significant.
3) Curved Two-Lane Road Tunnel: Fig. 6(c) illustrates the signal propagations in a curved tunnel with different types of vehicular traffic flows. The curve radius of the tunnel is 500 m. Since the attenuation rate of the signal excited by a vertically polarized antenna does not change significantly in the curved tunnels [12] , the signal propagation characteristics are similar to the straight tunnel case. 
B. Tunnels with Random Vehicular Traffic Flow
In practical applications, the sizes and positions of all the vehicles in the traffic flow are not deterministic. However, the traffic load and the average vehicle velocity can be estimated in the tunnel. Then, our statistical model can be utilized to predict the received power in the road tunnel. In this section, the statistical model is used to analyze the effect of traffic load and the average vehicle velocity. The traffic load is described using the average rate of vehicle arrival . We define = 0.5 as the high traffic load case and = 0.3 as the low traffic load case. In the same way, we define the average vehicle velocity = 54 km/hour as the high speed case and = 36 km/hour as the low speed case. It should be noted that the Doppler effect is not considered since the velocity of the vehicles is not high. The motivation to define the vehicle velocity is to determine the mean number of vehicles inside the tunnel. Fig. 7(a) , Fig. 7(b) and Fig. 7(c) show the received power under the influence of different types of vehicular traffic flows in a straight one-lane tunnel, a straight two-lane tunnel, and a curved two-lane tunnel, respectively. The curve radius of the curved tunnel is 500 m. The received power is shown as a function of the transmission distance. According to the statistical model, the sizes of the vehicles are uniformly distributed in the size interval defined in (2) . Each vehicle runs in one of the lanes with the same probability. The number of vehicles in the traffic flow is determined by the traffic load and the vehicle velocity. Fig. 7 shows that the impact of the random vehicular traffic flow is similar to the impact of the deterministic traffic flow. Specifically, 1) The additional loss caused by the traffic flow in the one-lane tunnel is much more significant than the additional loss in the twolane tunnel, since the same vehicle can block higher ratio of the one-lane tunnel cross section than the two-lane tunnel cross section.
2) The traffic flow with lower load and higher speed causes smaller additional loss than the traffic flow with higher load and lower speed does, which can be explained as follows: When the traffic load is light, fewer vehicles enter the tunnel; and when the average vehicle speed is high, the vehicles in the tunnel leave the tunnel more quickly. Consequently, the number of vehicles in the tunnel is smaller. According to the previous discussion on the effects of vehicle number, the additional path loss caused by the traffic flow with lower load and higher speed should be less significant. 3) In the curved tunnel, the influence of the vehicles on the signal propagation is similar to the straight tunnel case due to the vertically polarized antenna. The signal fluctuation is more severe than the straight tunnel case, which is not caused by the vehicles but the tunnel curvature.
VI. CONCLUSION
The vehicular traffic flow has significant influence on the wireless signal propagation in the confined underground tunnels. To our knowledge, none of the existing tunnel channel models provide an analytical solution that can explicitly describe the influence of the vehicular traffic flow on the signal propagation. In this paper, we first provide an analytical channel model for the tunnel with a deterministic vehicular traffic flow, which can accurately predict the signal propagation and field distribution in the tunnel. Specifically, the propagation modes experience in-mode loss and mode coupling around a vehicle. The UTD method, Poisson sum formula and saddle point method are utilized to calculate the in-mode loss and mode coupling coefficients. Then based on the deterministic model, a statistical model is developed to characterize the signal propagation in a tunnel with random vehicular traffic flow. Instead of using the deterministic vehicular traffic information, the traffic flow theory and the vehicle size distribution model is utilized. The entries in the propagation matrix are theoretically proved to be normally distributed. In addition, the means and variables of the entries are analytically calculated. Based on the proposed channel model, our analysis shows that: the vehicles in tunnels induce additional path losses and signal fluctuations. In the tunnel with deterministic vehicular traffic flow, the number and size of the vehicle, as well as the size of the tunnel determine the intensity of the vehicles' influence. In the tunnel with random vehicular traffic flow, the average vehicle arriving rate, the average vehicle velocity, and the size of the tunnel determine the additional loss and signal fluctuation caused by the vehicular traffic flow.
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